We compared local cerebral glucose meta bolic rates (LCMR g 1u) that were determined with [ 18 FJfluorodeoxyglucose (FDG) and [ 14 C]glucose labeled in the 1, 2, 3-4, and 6 positions. Double label digital auto radiography was used with published kinetic models to determine LCMR gl u for FDG and glucose in the same an imals. Glucose showed metabolic rate dependent under estimation of LCMR gl u compared to FDG, which wors ened with increasing experimental times. The least un derestimation occurred with glucose labeled in the 6 Kinetic models have been proposed for the mea surement of local cerebral metabolic rate of glucose (LCMRg1u) with both radiolabeled glucose (Hawkins et aI., 1979; Lu et aI., 1983; Hawkins et aI., 1985) and glucose analogs such as deoxyglu cose (DG) (Sokoloff et aI., 1977) and fluorodeoxy glucose (FDG) (Reivich et aI., 1979; Phelps et aI., 1979; Miller and Kiney, 1981; Lear et aI., 1984; Olds et aI., 1985; Sako et aI., 1985; Lear and Ack ermann, 1988). DG and FDG cross the blood-brain barrier using the same facilitated transport system as glucose. In the brain, DG and FDG are phosphorylated by hexokinase to DG-6-phosphate (DGP) and FDG 6phosphate (FDGP), as glucose is metabolized to Abbreviations used: DO, deoxyglucose; DOP, deoxyglucose 6-phosphate; FDO, fluorodeoxyglucose; FDOP, fluorodeoxyglu cose 6-phosphate; LCMR gt u, local cerebral glucose metabolic rates. Pettigrew K, Sakurada 0, Shinohara M (1977) The [I4C]de oxyglucose method of local cerebral glucose utilization: Theory, procedure, and normal values in the conscious and anesthetized albino rat. J Neurochem 28:897-916
position at 6 min, reaching 10% in areas of high metabo lism. Labeling in the I position, the 2 position and the 3-4 position caused progressively worse underestimation at all times. In addition, some structures showed differ ences not directly related to metabolic rate, indicating re gional variations in relationships between individual ki netic constants of FDG and glucose. Key Words: Deoxy glucose-Fluorodeoxyglucose-Glucose-Autoradiog raphy -LCMR gl u-Metabolism. glucose 6-phosphate. Unlike glucose 6-phosphate, however, further metabolism of DGP and FDGP is extremely slow; therefore DGP and FDGP accu mulate within brain cells at a rate proportional to metabolism. Thus over time, the radio tracer in the brain will change from predominantly precusor (DG or FDG) to predominantly metabolic product (DGP or FDGP) . DG and FDG generally are allowed to circulate for approximately 45 min, so that by the end of the experiment the majority of the radioac tivity in the brain is DGP or FDGP. This is impor tant because neither position emission tomography scanning nor autoradiography can differentiate be tween unmetabolized DG or FDG and the com pound of interest, DGP or FDGP. After estimation of the fraction of total brain activity which is DGP or FDGP, a "lumped constant" is then used to re late cerebral DGP or FDGP concentration to glu cose metabolism. This lumped constant represents the steady-state relationship between net glucose and DG or FDG extraction by the brain.
Unlike DGP or FDGP, glucose 6-phosphate is rapidly metabolized eventually to CO2, which is lost from the brain. Therefore, a different scheme is used when radiolabeled glucose is employed as a tracer of glucose metabolism. Various experimental times ranging from 5 to 20 min have been suggested as compromises between short times, when the ra diolabel is predominantly on precursor glucose, and long times, when CO2 loss would become severe. It has also been postulated that the time course of ra diolabeled CO2 loss is a function of the position of the label on the glucose molecule. The carbon atoms in the 3 and 4 positions are lost prior to the Kreb's cycle, when pyruvate is decarboxylated to acetyl-CoA. The 2 and 5 carbon atoms are not lost until after one complete Kreb's cycle, while the 1 and 6 carbons are not lost until after two complete cycles, and then only 50% per cycle. In addition, the pentose shunt can remove the 1 carbon, but its activity is thought to be low in the brain (Hostetler et aI., 1967; Hawkins et aI., 1985) . During the pas sage of glucose through these metabolic pathways, the carbon atoms of the glucose skeleton can ex change with various amino acid pools, potentially trapping the radiolabel, at least temporarily.
Some controversy exists as to the limitations of using either the glucose approach or the DG, FDG approach to measure LCMRglu' The purpose of this investigation, therefore, was to directly compare LCMRglu measurements with FDG and glucose and to evaluate this significance of choosing different experimental times and glucose label positions.
METHODS

Kinetic models
The same basic kinetic model, which follows below, was used for both tracers (Sokoloff et aI., 1977) . Loss of metabolites from the brain, such as would occur with CO2 production, was not included in the initial analysis.
where Ct is the brain total radioactivity concentration, Cm is the brain tracer metabolites concentration, Ce is the brain precursor concentration, Cp is the plasma precursor concentration, kl is the blood to brain transport rate con stant, k2 is the brain to blood transport rate constant, and k3 is the tracer metabolic rate constant.
The rate constants used for LCMR gl u determinations with glucose were obtained from published reports (Hawkins et aI., 1983 (Hawkins et aI., , 1985 . Rate constants for FDG were determined by modifying the constants of glucose to account for differences in transport and metabolism of FDG compared to glucose. FDG was assumed to be transported at 1.5 times the rate of glucose, to be metabo lized at 0.6 times the rate of glucose, and therefore to have a lumped constant of 0.8 (Sokoloff et aI., 1977; Miller and Kiney, 1981; Crane et aI., 1983; Fuglsang et J Cereb Blood Flow Metab. Vol. 8, No.4, 1988 aI., 1986 Redies et aI., 1987; Lear and Ackermann, 1988) .
Animal procedures
Fasted male Sprague-Dawley rats weighing 300-350 g were anesthetized with Halothane. A femoral artery and vein were cannulated with PE 50 tubing. While still anes thetized, the animals were immobilized in a plaster cast applied to the lower torso, and they were then allowed to recover for 2-3 h. Over 2 min 3-4 mCi of FDG was in fused in each rat, and at variable times later, 40-100 jJ-Ci of [ I4 C]glucose was infused over 30 s. The amounts of tracers were chosen to produce optimum exposures for determination of tracer concentration (Lear, 1986) using quantitative double tracer autoradiography (Lear et aI., 1984) . FDG was synthesized 2 h before each experiment, and glucose was obtained commercially (American Ra diolabeled Chemicals, St. Louis, MO). The FDG was al lowed to circulate for 45 min in all rats, while the length of time of glucose circulation was varied between 6, 12, and 24 min in different groups of rats. Arterial blood samples were obtained throughout each experiment, and plasma was rapidly separated from each sample. The time course of arterial plasma nonradiolabeled glucose, radiolabeled glucose, and fluorodeoxyglucose were de termined. Groups of 3-4 rats were used for each time label position data point.
At the conclusion of each experiment, the rats were killed by barbiturate injection, followed immediately by decapitation. The forebrains were rapidly removed and frozen in powered dry ice. Brain sections, 20 jJ-m thick, were collected on cover slips and immediately dried on a hot plate. The sections were placed on Kodak NMC film for 2-4 h which produced an exposure largely from 18 F decay (2-h half life). Next, the sections were removed from the film for 2-3 days to allow most of the remaining 18 F to decay. Finally, a second exposure was made for 7-10 days, which resulted from 14 C decay. Calibrated standards were placed on the film for quantitation of ac tivity.
Image analysis
Each autoradiographic image was digitized into a 512 x 512 matrix of pixels (Lear et aI., 1986 ) using a high precision charge-coupled device scanner (Scientific Imaging, Inc., Santa Clara, CA). The density images were converted into tracer concen tration images using data from the calibrated stan dards. Each pair of concentration images were aligned, and the small amount of 1 4C exposure in the first image was subtracted to yield a pure 1 s F concentration image. Then, using the kinetic models, each image was converted to a quantitative image of glucose metabolism. The computer was then used to generate plots of LCMRglu of glucose versus LCMRglu of FDG for each section, based on data from each pixel. Typically, 3-5 sections, each containing approximately 200,000 data points, were compared for each animal. Final plots representing the mean values of metabolic rate using glucose versus FDG for each group of animals, from the c FDG AND GLUCOSE AS LCMR g lu TRACERS 577
millions of individual comparisons, were then gen erated by the computer.
Simulation studies
In order to evaluate the significance that errors in rate constants would have on LCMRglu determina tion, computer simulations were performed. Arte rial plasma tracer concentration curves, based upon results from typical experiments, were used as input functions by the computer program. Using the kinetic model described above, the computer generated time courses of brain precursor activity as a function of plasma precursor activity and brain metabolite activity as a function of total brain ac tivity (assuming no loss of metabolites). Values of kJ and k2 compared to k3 were then varied and brain precursor and metabolite activities were recalcu lated. 200 correlated well with values using FDG in structures with low metabolic rates, but variable results were found structures having moderate to high metabolic rates.
RESULTS
As expected, glucose labeled in the 6 position showed the least loss of label from 14C02 produc tion. Even in the 6 position, however, by 6 min after injection significant loss, up to 10%, was de tected in structures with high metabolic rates. Greater loss, up to 18%, was found at 12 min post injection.
At all three time periods, 6, 12, and 24 min, [1-14C]glucose was found to produce slightly lower LCMRglu values than [6-14C]glucose, although the differences were significant (p < 0.05) only at the 12 and 24 min time points. This small difference was probably caused by the small activity of the pentose shunt.
Glucose labeled at the 2 position showed very significant, up to 25%, relative underestimation of LCMRglu at 6 min. By 12 min, the maximum under estimation had increased to over 40%. Images were noticeably lacking in contrast compared to those of FDG, 1 glucose, and 6 glucose.
By 6 min, the glucose labeled in the 3 and 4 posi- tions had lost almost 50% of the label and images of metabolism were practically homogeneous. The loss increased to over 70% by 12 min.
Significant deviations from mean relationships between LCMR g 1u measured with glucose and FDG were found, as evidenced by the spread of data in Fig. IA . The cause of this variation was further ex plored through the creation of individual metabolic images, dual tracer overlay images and ratio images (Figs. 2-4) . These images showed that metabolic rate relationships in some structures deviated sig nificantly from those of most other structures. For example, in the hippocampus, FDG LCMR g 1jglu cose LCMR g 1u values were unusually high in the stratum lacunosum radiatum, while the opposite was found in the CAl and dentate molecular layers. The superior colliculi had relatively low FDG LCMR g ljglucose LCMR g 1u values.
The computer simulations showed that with FDG at 30 min, approximately 89% of measured activity in gray matter, with a metabolic rate of 150 flmolel 100 g/min, was in the form of FDGP, and the inte gral of brain activity was 96% that of plasma (Fig.  5) . For white matter, with a lower metabolic rate of 40 flmole/lOO g/min, values were 67% and 94%, re spectively. At 45 min, gray matter values were 92% and 98%, while values for white matter were 74% and 96%, respectively.
The simulations showed that at 6 min approxi mately 75% of initial glucose activity in gray matter structures was in the form of metabolites and that the brain integral was 88% that of the plasma. White matter values, however, were only 40% and 75%, respectively. By 12 min, values for gray matter had increased to 85% and 92%, respectively, and white matter values had increased to 62% and 86%.
DISCUSSION
The magnitude of relative underestimation of LCMR g 1u with glucose determined in this study caused by CO2 (and perhaps lactate) loss is in some disagreement with previously published results comparing values determined in paired single tracer studies. Hawkins et al. in 1979 found up to 27% loss at 10 min with [2_14C]glucose; no correction was made for differences between brain and plasma spe cific activity integrals. Lu et al. in 1983 obtained similar values when such correction was applied, although an absolute difference of approximately 10% would have been expected. Our value of 40% at 12 min is greater than both of these other deter minations. Lu et al. in 1983 found up of 25%. Hawkins et al. in 1985 suggested that no loss of label occurred with [6-14C]glucose through 5 min, while we found up to 10% loss at 6 min. Al though the cause of these disagreements cannot be certainly known, the ability of the double tracer technique used in this study to detect smaller dif ferences than can be detected with paired single tracer studies is almost certainly a contributing factor. Uncertainty in rate constants and the use of different constants in some previous studies are also probably factors. Figure 1 shows that the relative underestimation of LCMR g 1u with glucose became increasingly worse as metabolic rates approached the upper range of normal. This observation suggests that conditions which could cause increases in LCMR g 1u to above normal levels might be even less accu rately depicted by glucose. Recent observations that visual stimulation produced twofold increases in LCMR g 1u in some brain structures as determined with DG, compared to only 30% with [6-14C]glu cose, agree with this prediction (Collins et al., 1987) . When the kinetic model equations are solved for metabolic rate as a function of brain radioactivity, the solution has the following form:
where LC is the lumped constant; approximately 0. 8 with FDG and 1.0 with glucose, Cm is the tracer metabolite concentration, and Ib is the integral of brain precursor specific activity. Cm and Ib cannot be directly measured, however, so the following re lationships are used:
where Ip is the integral of plasma precursor specific activity and K is the correction factor for difference between integral of brain and plasma precursor concentrations.
Thus, LCMR g 1u deviates from a linear relation ship with the measured quantity, C/lp by two terms, Ce in the numerator and K in the denomi nator, both of which are estimated rather than mea sured. Because calculation of Ce and K in turn re quires estimation of regional kl' k2' and k3 values (Sokoloff et aI., 1977) , any errors in these values will cause errors in final LCMR g lu determination.
In the DG model developed by Sokoloff et al. in 1977, a 45-min uncertainty in these values. Results of our simula tions for FDG were similar to those reported by Sokoloff et al. for DG. The greater relative trans port and metabolic rates of FDG compared to DG, however, caused Ce and K to decline more rapidly. Thus, similar reductions in the significance of Ce and K that occur with DG at 45 min occur with FDG at approximately 25-30 min.
J Cereb Blood Flow Metab, Vol. 8, No.4, 1988 Very different results were found with glucose at the much shorter time periods used. At 6 min, sub stantial amounts of glucose remained unmetabo lized, particularly in white matter, i.e., Ce was a large fraction of Ct. Also, Ib differed from Ip by 10-20%. A related problem was that if kl and k2 (reflecting transport) were to differ between regions with the same k3 value (reflecting metabolism), then
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LCMRglu would be miscalculated. The computer simulations showed that for glucose at 6 min, errors in kl progated approximately 30-40% through to LCMRglu• This value was approximately 4-6 times greater than that for FDG at 45 min. Even greater error propagation would occur if other published values for kl (Gjedde, 1980) , which are lower than those of Hawkins et al. by 30%, were used.
Images derived from brief experiments are thus weighted toward k1• In other words, blood flow and glucose transport rates could significantly affect the glucose distribution at early times. This weighting would cause particularly serious errors in determi nation of LCMRglu under conditions where blood flow and metabolism become decoupled. Longer times, which would reduce corrections for tissue FIG. 20 precursor activity and their attendant uncertainties, are impractical with glucose because of the greater CO2 loss and the difficulty in estimating it precisely.
The significance of this potential problem has been demonstrated in human studies, where varia tions of kllk3 of greater than 200% have been found within normal structures (Gjedde et aI. , 1985) . Some regions, particularly in the posterior cere brum and cerebellum had high values of kl com pared to k3• Variations such as these could cause significant overestimation of LCMRgl U when glu cose is used as a tracer. The variations in relation ships between individual rate constants could cause errors in LCMRglu determination using FDG as well, through regional variations in the lumped constant, but such errors would be smaller (Gjedde et aI., 1985) .
The brief experimental periods associated with glucose determinations LCMRglu introduce another potential error in LCMRglu determination, uncer-J Cereb Blood Flow Me/ab. Vol. 8, No.4, 1988 tainty in plasma glucose determinations. Plasma glucose concentration is usually determined by one of two methods: (1) by rapidly separating plasma from each whole arterial blood sample, as was done in this study or (2) by correcting whole blood activity using an empirically determined time-dependent relationship (Oldendorf et aI. , 1982) . When the tracer is administered intrave nously in saline, its initial distribution is restricted to the plasma. However, the label immediately begins to enter red cells, and eventually equilibrium occurs between the plasma and red cells. Thus, at early times, in vivo Cp of either glucose or FDG will be higher than that determined by using sepa rated samples because of the additional equilibrium that occurs during sample preparation. The ability of a specific model to correct this error is uncer tain, but its effect will obviously be worse at shorter times.
The reason that FDG requires approximately 25 Where values are equal, yellow results. The green shading of most structures with high values of LCMR g lu is a result of FDG values being greater than those for glucose. Some structures, however, such as the superior colliculi (arrows), have relatively high values of LCMR g ,u with glucose compared to FDG. Green-red banding occurs in the dentate gyrus of the hippocampus because of differences in distribution between glucose and FDG (see also Fig. 4 ).
min to achieve similarity of Crn/C! ratios compared to glucose at 12 min relates to relative differences in kinetic constants. While FDG transport rates, kl and k2' are approximately 1.5 times those of glu cose, the rate of FDG phosphorylation, k3' is only 0.6 times that of glucose (Crane et aI., 1983; Fugl sang et aI., 1986; Redies et al., 1987; Lear and Ack ermann' 1988) . Thus, slightly more than twice the length of time is needed for Ce and K correction factors with FDG to reach the approximate size of those for glucose. The difference in k3 values is the predominant cause of the lumped constant for FDG being less than 1, e.g., 0.8. In certain structures we observed differences in LCMRg1u values obtained with glucose that were sufficiently different from corresponding values ob tained with FDG to produce qualitatively distin guishable utilization patterns. The differences are in agreement with other reports (Duncan et aI., 1986; Hawkins et al., 1988) and are difficult to ex plain. While these differences were almost certainly caused by differences in extraction, retention, or transport of either glucose or FDG from predicted behavior, neither the causative compoulld or mech anism was determined. One possibility is the pre viously described regional variation of kllk3 using glucose. Other possibilities, however, not excluded by this study are regional variations in the ability of the brain to temporarily trap the labeled glucose metabolites, regional variations in the lumped con stant for FDG, or regional variations in rate of loss of FDG metabolites. Further studies to investigate these apparently nonmetabolic rate differences are needed.
In conclusion, metabolic rates measured with glucose labeled in various positions correlated with those of FDG in a consistent manner for most brain structures in normal rats. Glucose labeled in the 6 position was the most resistant to label loss, but this loss was significant even at a circulation time as short as 6 min in normal rats. Worse underesti mation would probably occur in conditions that in crease LCMRg1u above normal values. This loss of radiolabel, combined with potential errors caused by uncertainties in rate constant values, limit the usefulness of glucose in quantitative determination of LCMRg1u• Nevertheless, under experimental conditions in which cerebral metabolic rates do not remain steady for the longer times needed with FDG and DG, glucose can probably be used to give estimates of LCMRg1u, provided that its limitations are appreciated. Results of simulation studies evalu ating measured parameters, Ip (plasma in tegral of tracer activity) and Ct (brain total activity) compared to the parameters re quired to determine LCMR g 1u, Ib g (brain precursor integral for gray matter), Ibw (brain precursor integral for white matter), Cmg (brain metabolite activity for gray matter) and Cmw (brain metabolite activity for white matter). LCMR g lu for gray matter was assumed to be 150 f.lmoles/100 g/min and for white matter, 40 f.lmoles/100 g/min. Because of differences in rate constants, the plasma integral and brain precursor ac tivity correction factors for glucose at 12 min are somewhat larger than those for FDG at 30 min. Loss of metabolites from the brain was not considered in this anal ysis.
